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Novel Electrochemical Sensing of Catechins in Raw Green Tea
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ABSTRACT: Human health-related issues are increasing in day to & :

day life because of the modern and unhygienic food lifestyles. In | TR
recent times, green tea (GT) gains more attention due to its [ .ﬁm]
numerous health benefits. It contains more biologically active
compounds that improve mental health, increase metabolism,
reduce cancer risks, and serve as an anti-aging agent for the brain.
As it is globally consumed, the evaluation of the compounds
present in it is very important. Hence, an attempt has been
performed to evaluate these components in GT by using a cobalt
nickel iron-based trimetallic zeolitic imidazolate framework as \
microfibers (CoNiFe-ZIF-MFs) synthesized via an electrospinning
technique. Interestingly, the synthesized CoNiFe-ZIF-MFs catalyst simultaneously detects three major catechin (CT) groups,
namely, epigallocatechin-3-gallate (EGCG), epicatechin (EC), and epicatechingallate (ECG). Further, the square wave voltammetry
findings showed that there is a wide linear range of 50 ng to 1 mg for all the three CTs with LODs 45, 8, and 4 ng for EGCG, EC,
and ECG, respectively. These results confirm the excellent sensing behavior of the composite toward GT extracts, proposing its
practical utility in real-time compound analysis in food sectors. Other results like stability and reproducibility also promote its usage
in the biomedical field. This study mainly focuses on the direct sensing of CTs present in GT without spiking any commercially
purchased sample, and the sensing was performed simultaneously for all the three analytes; thus, this work gains novelty from the
existing ones.
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1. INTRODUCTION

Currently, green tea (GT) has emerged as a healthy drink
owing to its benefit to the human body. Its valuable features
are mainly due to the presence of various chemical compounds
such as catechins (CTs), antioxidants, vitamins, and amino
acids. In particular, CT is the main compound from tea leaves
that possess intensive anti-oxidants, which leads to the
enhancement of physiological activities, i.e.,, preventing or
reducing skin damage. It is one of the members of polyphenol
groups, seen in various medicinal plants. The major sources of
CTs are Camellia sinensis (C. sinensis) and C. assumica. The
composition of GT is 75—80% water and polyphenol
compounds. Their structure includes major amounts of
hydroxyl groups (—OH) and can be easily combined with
other materials for composite formation. In addition to that, six
types of CTs, namely, CT, epicatechin (EC), epicatechingallate
(ECG), epigallocatechin, epigallocatechin gallate (EGCG),
and gallocatechingallate, are prominently present in GT. They
provide various advantages to the human body by free radical
scavenging and retardation of the degrading extracellular
matrix. Because of the hydroxyl groups, they can show more
antioxidant activity compared with other standard anti-
oxidants." Recently, it is observed that the polyphenol CTs
present in GT have the ability to inhibit corona virus and
reduce the lung infection in mice.” The chemical components

© 2022 The Authors. Published by
American Chemical Society

WACS Publications

present in GT and the different degree of oxidative polymers
formed by CTs play a decisive role in determining the
properties of GT. Therefore, using this as a chemical index, it is
possible to validate the quality of GT. Up to date, high-
pressure liquid chromatography,”™® fluorescence spectrosco-
py,”® chemiluminescence,” and optical methods'® are involved
in the GT sensing with excellent results. But, the high
instrumentation cost, pre-sample preparation, complicated
methods, and numerous chemical usage create a necessity to
find easy and cheap alternative sensing method.

Many efforts have been made to develop an alternative
analytical method with exceptional advantages. The need of
empirical growth on the surroundings and the society can be
achieved in the improvement of safety, controlled monitoring,
quality management, and diagnosis. Compared with the other
analytical methods indicated so far, the electrochemical
technique is found to be more attractive due to the satisfaction
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of such demands. The notable advantages of electrochemical
biosensors are their technical simplicity, high sensitivity, easy
adaptability for rapid and on-spot analysis, and low-cost
devices."" So, this work is mainly focused on the electro-
chemical method of bio-sensing.

In electrochemical sensors, the role of materials is of high
importance. Previously, various materials have been reported
for the detection of CTs in GT products. An enzymatic
biomimetic sensor based on a novel copper(II) complex was
developed for the detection of CT in GT using a capillary
electrophoresis method. Here, they used a ligand with copper
for the effective binding of CTs, which resulted in a wide range
of 4.95 X 107 to 3.27 X 107> mol L™" and a detection limit of
2.8 X 1077 mol L7L! Similarly, by immobilizing 2,2'-(1,4-
phenylenedivinylene)bis-8-hydroxyquinoline (PBHQ) on
TiO,, an optical sensor was proposed for the CT sensing.'’
Molecularly imprinted polymer (MIP) electrodes and non-
imprinted polymer electrodes were developed and used for the
effective sensing of CTs in tea samples.'” Interestingly, using
the electrochemical method, a non-enzymatic sensor using the
MIP with Ni(OH), nanopetals for the selective determination
of EGCG was fabricated. The proposed sensor presented
excellent results with commercially obtained EGCG with an
LOD of 7 nM, which was finally verified with the GT
samples.”> Recently, metal—organic frameworks (MOFs)
attract the attention of researchers due to their notable
characteristics like huge surface areas, unique pore interiors,
and simple functionalization procedures in various fields such
as sensors, catalysis, gas storage, and molecular separations.14 A
subclass of MOFs is zeolitic imidazolate frameworks (ZIFs), a
broad class of composite materials wherein a metal ion is
coordinated with the desired organic ligands that form a kind
of framework through coordination bonds. The arrangement of
ZIFs has regular pores for the binding of the target analytes
and has the potential to evaluate the species even at the
molecular level. In addition, the unique properties of ZIFs are
suitable for the surface immobilization of biorecognition units
and electrocatalysts because of their surface area, presence of
more functional groups (C, H, and N), and high chemical
stability. Owing to this excellent nature, ZIFs are widely
utilized in various fields such as energy storage, sensors,
chromatographic separation, etc. To date, monometallic and
bimetallic ZIF-based composites are explored using some
transition metal ions (Co, Ni, Fe, and Zn) in the field of
electrochemical biosensors. In comparison, the latter one
shows good sensing results, mainly due to the synergism
between two metal ions, which provides better stability and
selectivity. The catalytic movement and degrees of freedom are
increased with the addition of more than one metal ion along
with their superior performance. From the above discussion, it
is believed that the trimetallic ZIF composites have out-
standing electrocatalytic activity compared to the bimetallic
and monometallic ones."> Increasing the number of metal ions
on the ZIF matrix not only enhances the overall electrical
conductivity but also gains advantages for better mechanical
properties. Compared with the other methods, in terms of
simplicity of procedures for operation and ease of handling, the
electrospinning (ES) technique gains more attraction over the
others. Generally, the fibrous materials produced by the ES
technique are used in many applications including defense,
biomedicine, tissue engineering, filtration, and protective
clothing."®

Considering all the aforementioned details, we have
synthesized a trimetallic cobalt, nickel, and iron ZIF
(CoNiFe-ZIF)-based fibrous material for an effective sensing
of CTs in the raw form of GT. So, the trimetallic CoNiFe-ZIF
microfibrous (MFs) material is prepared by wet chemical and
electrospinning techniques. The obtained GT extracts are
directly used as an analyte for the electrochemical sensing
process. The trimetallic CoNiFe-ZIF-MFs provided necessary
interaction with the three CTs of the GT extract. To the best
of our knowledge, no attempt to use a raw GT sample as an
analyte for sensing through an electrochemical method was
reported. It is observed that, normally, different CTs were
bought commercially and tested by spiking the raw GT
samples for practical utility. But, in this work, we have
demonstrated the entire work using raw GT extract without
any spiking of commercially available CTs. The detected CTs
were compared with the commercially purchased samples for
their confirmation and used for further studies.

2. EXPERIMENTAL SECTION

2.1. Instrumentation. The ES was performed by an
ESPIN from PECO. Using a Bruker AXS D8 advanced
diffractometer, X-ray diffraction studies were conducted. To
analyze the surface morphology (FESEM), a SUPRA S5 Carl
Zeiss was used. Various modes of vibration of the composite
material were investigated via Raman spectroscopy using a
model Raman spectrometer (SEKI Japan). X-ray photo-
electron spectroscopy (XPS) analysis was performed by a
Thermo Fisher Scientific, ESCA Lab 250. Other experimental
electrochemical measurements such as cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and
square wave voltammetry (SWV) were conducted using a CHI
600SD electrochemical workstation (CH Instruments, USA).

2.2, Materials and Reagents. Cobalt chloride, 2-
methylimidazole, iron chloride, dimethyl formamide (DMF),
nickel chloride, and polyacrylonitrile (PAN) were obtained
from Sigma-Aldrich Co. Ltd., Bangalore (India). Epigalloca-
techin gallate (EGCG), epicatechin (EC), and quercetin were
purchased from TCI Chemicals Co. Ltd., Bangalore (India).
All the chemicals were of analytical grade and employed
without any further purification. Ethanol was utilized as a
solvent, and for the electrochemical measurements, phosphate
buffer solution (PBS) was used as a supporting electrolyte. The
preparation of PBS was as follows: sodium dihydrogen
phosphate and disodium hydrogen phosphate were added to
certain amounts of water in a beaker and stirred well together
for complete dilution. Then, the pH was checked and adjusted
accordingly to our desired levels by adding hydrochloric acid
or sodium hydroxide. The electrochemical measurements were
conducted in a three-electrode system. As a reference
electrode, silver/silver chloride (Ag/AgCl) was used, and
platinum (Pt) wire was chosen for a counter electrode. For the
working electrode, a glassy carbon electrode (GCE) was used.
Green tea (GT) leaves were purchased from the local market.

2.3. Synthesis of CoNiFe-ZIF Powder. To prepare the
CoNiFe-ZIF powder, a simple wet chemical strategy was used.
The three metal (cobalt, iron, and nickel) chloride precursors
were taken in an equimolar ratio (1:1:1) and dissolved
individually on a beaker containing 50 mL of ethanol.
Similarly, 0.8 M 2-methylimidazole was solvated in a different
beaker by using ethanol (beaker II). All the three metal
solutions were mixed together under constant stirring for 30
min (beaker I). The obtained solution was added dropwise to
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Scheme 1. Possible Mechanism for the Sensing of the Three CTs in GT Extract by CoNiFe-ZIF-MFs
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Figure 1. (A) XRD and (B) Raman studies of CoNiFe-ZIF-MFs.
beaker II solution and mixed well using a magnetic stirrer for a drying. Finally, CoNiFe-ZIF-MFs were formed and used for all
period of 2 h. During this period, a brown colored precipitate the studies.
formed. Further, it is centrifuged and washed several times 2'5'4 Experimental Conditions. All the experi@ental
with water and ethanol to eliminate the unreacted compounds. cond1t1%134_are as follows: 10 mL of 0.1 M KCI in [Fe
Next to that, the resultant product was kept in an oven for 12 h ((EIN)s]. . SOIU"E? was usec(li Ei'sl)'?'n elec;clroclzy\rfte.. TI?BeSSWV;
at 70 °C. Finally, a brown colored powder was obtained, P varlatlc_)ns, stability, reproducibliity, anc n were
tored. and used for oth executed with a PBS electrolyte. All the studies were performed
s o;e 4’ asn :;e o ? cer'\ﬁ:ocezslsl.: Fib Th d at a scan rate of 50 mV/s except for different scan rate studies
o ynthesis ot Lo I € ] 1oers. the as-prepare conducted at 10—100 mV/s. The possible mechanism of the
CoNiFe-ZIF powder was mixed with 2 mL of DMF followed composite analyte interaction is given in Scheme 1 below.
by sonication to get a homogeneous mixture for the
preparation of the material for the ES process. PAN was 3. RESULTS AND DISCUSSION
added as the polymeric source. The sample was kept stirring . L.
for 12 h to ensure the complete mixing of the elements present 3':' - Material Characterizations. 3 .1. XRD, and Ran?an
. L . : Studies. In order to confirm the material formation, CoNiFe-
in it. Optimizing the desired parameters for fiber formation, the T ) .
; ) ZIF-MFs is investigated by XRD analysis and the resultant
prepared sample was subjected to the ES instrument. The attern is shown in Figure 1A. The occurrence of cobalt ions
ificati follows: applied voltage, 18 kV; f P s
Spect catlons. are as 1o _OWS’ app led voltage, j tow rate, on the ZIF matrix is depicted by the peaks at 12.35, 18, 25, and
0.3 mL/h; distance amid the tip and collector, 12 cm; and a 26° representing the planes (112), (222), (233), and (134),
flat-type collector was used. In these described setups, the respectively. Similarly, the addition of Fe ions onto the above is
expected fibers were formed. Further, the prepared fibers were exhibited by a peak around 22.5° having a plane value of (114).
heated at 60 °C for 6 h using a box furnace for complete This confirms that both Co and Fe ions are present, which is in
19756 https://doi.org/10.1021/acsomega.2c01536
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accordance with our previous literature.'” Similarly, the
presence of the Ni ions can also be depicted by the peaks at
11 and 23° having plane values of (022) and (002), which is
well supported by our previous work.'® These results clearly
confirmed that all the three metal ions in the ZIF network
attained a more appropriate coordination during the synthesis
process. The decrease in the intensity of the peaks may be due
to the usage of polymeric materials for composite preparation.
This polymeric material has masked the formation of
crystallinity.'”*° As a result, the reduction of peak current
was observed for CoNiFe-ZIF-MFs in the CV images (Section
3.2.1).

The vibration modes of the composite are investigated by
the Raman spectra shown in Figure 1B. Peaks seen at 1347 and
1555 cm™'correspond to the strong vibrations of the C—N
stretching and methyl bending of the Co ion and imidazolate
ZIF fibers, respectively. Incorporation of Fe and Ni metal ions
in this network is confirmed by the 1187, 2175, 1387, and
1248 cm™ peaks."”'® All these individual peaks strongly
confirmed the coordination of metal ions with the ZIF and
polymeric fibers through physical interaction.”!

3.1.2. Fluorescence Studies. To analyze the fluorescence
property, the system is subjected to fluorescence sensing with
and without the analyte (Figure 2). Pure DI water is used as

— Water

— GT

— CoNiFe-ZIF-MFs

— CoNiFe-ZIF-MFs + GT

300 350 400 450 500 550 600
Wavelength (nm)

Figure 2. Fluorescence spectra of CoNiFe-ZIF-MFs and GT.

the solvent. The excitation wavelength is fixed at 280 nm
where the emission of CTS is observed. For the bare GCE, a
peak at 330 nm is a result of the Raman spectra of water. The
GT sample showed an increased emission peak on the nearer
wavelength, confirming its fluorescence behavior, due to the
presence of CTs.

Similarly, a broad peak with slight shift is seen for the
CoNiFe-ZIF-MFs composite around 355 nm attributed to the
m¥—7 transition of 2-methylimidazole in the ZIF matrix.””
Interestingly, the composite in the presence of the GT extract
showed a high intensity peak around 323 nm as a result of the
7% to n or a 7 to & transition combined with the fluorescence
effect. The peak shift observed on the composite is mainly due
to the interaction between the CTs and 2-methylimidazole.
Moreover, the trimetallic nature of the ZIF greatly contributes
to the fluorescence behavior of the composite. The high
electron transfer of the trimetallic material greatly influences
the effective interaction between the analyte and the composite
material.”® These results confirm the fluorescence nature of the
composite with the analyte, which also indicates that CoNiFe-
ZIF-MFs has excellent optical properties.

3.1.3. Morphology Analysis. The morphological aspects of
CoNiFe-ZIF-MFs are confirmed by FESEM analysis where the
fibrous structure is identified. At a low magnification of 10 ym,
the fiber nature of the synthesized catalyst is indicated. It
clearly depicts that the structural uniformity is highly
maintained on the observed fibers. The size of the observed
fibers evidently falls on the micro-regime. The CoNiFe-ZIF
particles are randomly situated on the surface of the fiber
network (Figure 3C,D). Also, the porous nature of the ZIF

Figure 3. (A—D) SEM images of the CoNiFe-ZIF-MFs at various
magnifications.

fibers is clearly visible in Figure 3D. So, the coordination of the
ZIF network with the polymeric matrix and the fibrous
structure is highly confirmed through the FESEM images.
Since GT contains more than one compound, it can provide
more possible interaction with an analyte.”* In addition to this,
the high surface area and porous nature of CoNiFe-ZIF-MFs
are very much useful in binding with the tar§et analyte, thereby
increasing the material sensing behavior.”>**

3.1.4. XPS Spectra. In order to know the chemical nature of
the as-synthesized CoNiFe-ZIF-MFs catalyst, XPS analysis is
performed and the related results are shown in Figure 4A—F.
The high-resolution XPS spectrum of Co 2p was recorded, and
the results are seen in Figure 4A. The observed binding energy
values 779.4, 782.5 and 785.5, 797.5 eV correspond to 2p;,
and 2p,/, along with their shake up peaks, respectively. It is
observed that cobalt is present in the +2 oxidation state. In
addition to that, the Ni 2p XPS plot also shows binding energy
values of 853.9, 859.9 and 871.4, 878.3 eV, which correspond
to 2p3s, and 2p,;, and related shake up peaks, respectively
(Figure 4B). Similarly, the elemental state of nickel was
identified as +2. Further, the XPS spectrum of Fe 2p was
recorded and is shown in Figure 4C, wherein the observed
binding energy values of 709.2, 714.2 and 723.2, 731.4 eV
represent 2p;,, and 2p, ,, respectively. The observed binding
energy values well signified that the iron ion was predom-
inantly present in the +3 state. So, the metallic state of Fe®"
was highly anticipated and effectively participated in the
sensing process. Compared with the transition metal ions, the
Fe ions have high electrochemical activity in terms of their
smaller activation energies, low band gaps, higher charger
density, and thermal activation at room temperature. So, this
Fe ion must be involved in the interaction with the target
biomolecule for producing excellent sensing results.”® Also, in
the C 1s XPS spectrum (Figure 4D), the functionalities such as
C—OH, O—C=0, and C=0 were observed at the binding
energy values of 282.4, 283.2, and 284.4 eV, respectively.
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Figure 4. High-resolution XPS spectra of the CoNiFe-ZIF-MFs catalyst: (A—F) Co 2p, Ni 2p, Fe 2p, C 1s, N 1s, and O 1s plots, respectively.
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In the case of the N 1s XPS spectrum, the observed
functionalities are C—N, graphitic-N, and oxidized-N at the
binding energy values of 397.0, 397.6, and 398.7 eV,
respectively (Figure 4E). Finally, the functionalities of O Is
such as C—0, O—C=0, and H,0 were found with the
binding energy values of 527.8, 529.2, and 530.1 eV,
respectively (Figure 4F). Hence, the chemical nature of all
the elements and their oxidation states were well identified in
the ZIF hybrid.

3.2. Electrochemical Studies. 3.2.1. CV, EIS, and Scan
Rate Measurements of CoNiFe-ZIF-MFs in [Fe(CN)J>~*.
The electrical conductivity of the composite is evaluated using
a CV study shown in Figure SA. According to the results
obtained, the composite CoNiFe-ZIF-MFs exhibited a
minimum peak current value (1.61 X 107> A) compared
with the unmodified GCE (2.17 X 1075 A). This is due to the
effect of PAN usage for the fiber formation, which reduces the
redox process in the [Fe (CN)¢]>~/*" solution. Generally, the
Fe ions exhibit a high electronic conductivity of five orders of

19758

magnitude higher than the other transition metal ions in the
MOFs structure.”® So, these Fe ions must be almost involved
in the electrochemical interaction with the electrolyte. On the
other hand, the electrolyte used here also contains similar
charged ferrous ions, which create electrostatic repulsion,
leading to the reduction in peak current value. So, the resulting
current value is lower than that of the bare GCE. The redox
peak potential difference (AE,) values are 73 mV for the bare
GCE and 119 mV for the CoNiFe-ZIF-MFs-modified GCE.
The composite shows a two-electron transfer, indicating its
redox process.”” All these results correspond to the primary
peak of CoNiFe-ZIF-MFs obtained at a potential value of 0.24
V, while the secondary peak at 0.49 V may be due to the
oxidation of other metal ions (Co** and Ni**) in the
composite, indicated in Figure SA. To understand the kinetics
of the composite, CVs with various scan rates were obtained.
Under a lower scan rate (10 mV/s), the electron transfer
between electrode—electrolyte interfaces occurs slowly, while
upon further increasing, the peak current increases due to the
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Figure 7. (A) SWV results of the CoNiFe-ZIF-MFs-modified GCE in PBS (7.0) of amounts ranging from S0 ng to 1 mg and (B—D) calibration

plot obtained for the three CTs.

rapid diffusion of ions. This confirms that the redox reaction of
the composite is the diffusion-controlled process Figure S1A,B.
The peak potential difference (AE,) values are higher than 59
mV at higher scan rates, representing the whole system as a
quasi-reversible system.”® This is also supported by the linear
plot fitted for the peak current vs different scan rates. Further,
the electrochemical surface area of the CoNiFe-ZIF-MFs
composite

is determined wusing

ip = 2.69 X 10° x (AD)"* x n*/* x Cx v'/* as 37.76
2

the equation

cm™, which is very high when compared to those of the
bimetallic ZIFs (23.24 cm™> for CoFe-ZIF-MFs and 10.20
cm™? for NiFe-ZIF-MFs). These values also confirm the high
surface area of the composite, with the related calculation given
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as Section S1 in the SI and the CV analysis of the bimetallic
ZIFs also shown as Figure S2.

Similarly, the resistance of the material should also be
determined since it affects the electrochemical activity directly.
So, the resistivity of the composite-modified and unmodified
GCEs is determined. Generally, EIS is one of the prominent
domain used in electrochemistry to describe the electrode by
charge transfer resistances of the solution and electrode
materials.”® From the results in Figure 5B, the composite
shows a higher peak than the bare GCE, suggesting that its
resistance is a little bit higher. This is already confirmed above
as the result of the ferrous ion and PAN in the ZIF matrix. The
charge transfer resistance (R,) values are calculated using
Randles equivalent circuit as 520 Qcm™> and 680 Qcm™ for
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Table 1. Comparison of Various Modified Electrodes and Methods toward Different CT Sensing”

electrode

MIP-Q@G electrode

poly(pyromelliticdianhydride-
co-thionin)

Pt/MnO,/f MWCNT-
modified GCE

MIP/GO/GCE

molecularly imprinted poly(o-
phenylenediamine) film

OPFP-CPE
Ni(OH),-modified MIP
GCE

borate—phosphate—SDS-based
MEKC

graphene quantum dots

No method

electrochemical

HPLC

fluorescence

four channel detector with
glassy carbon electrodes

liquid chromatography method with
multichannel electrochemical
detection

Pt/PEDOT-modified
electrodes

CoNiFe-ZIF-MFs

adsorptive stripping voltammetry

electrochemical

range of
detection
analyte biomolecule (uM) limit of detection (uM) reference
EC 1-500 0.33 29
EC 50—-300 18 30
EC 2—-9500 0.02 31
EGCG 0.03—10 0.008 32
EGCG 50—10,000 160 33
EGCG 50—-125 13.2 34
EGCG 10—100 0.007 13
EGCG 0.1-1 0.065 35
EGCG EC ECG 0.192 0.321 0.040 6
0.01-30 0.00S 7
EGCG 0.015-2.5 0.006 36
EC 0.2 to 2.5 0.09 ppm 37
ppm
EGCG EC ECG 0.05—1000 0.045 0.008 0.004  present
work

“MIP-Q@G electrode: molecular imprinted polymer-quercetin @ graphite electrode; Pt/MnO,/f-MWCNT-modified GCE: platinum
nanoparticle-coated manganese dioxides@multiwalled carbon nanotubes; MIP/GO/GCE: molecular imprinted polymer/graphene oxide/glassy
carbon electrode; OPFP-CPE: n-octylpyridiniumhexafluorophosphate-carbon paste electrode; Ni(OH),-modified MIP: nickel hydroxide-modified
molecular imprinted polymer; borate—phosphate—SDS-based MEKC: borate—phosphate—sodium dodecyl sulfate-based MEKC; Pt/PEDOT-
modified electrodes: platinum/poly(3,4-ethylenedioxythiophene)-modified electrodes.

the bare and composite-modified GCEs, respectively. This is in
accordance with their obtained CV values, proving its
conductivity in [Fe(CN)4]*~/*~ medium.

3.2.2. Electrochemical Behavior of the Composite in the
GT Extract Detection along with Scan Rate Studies and pH
Effect. The detection of CTs is investigated using a CV study
with 100 pg of GT extract. The potential is kept in a wide
range of —1 to 1 V to check the possible interacting
compounds in the GT. So, fixing this as the optimum range,
the experiment was conducted, in which the composite-
modified electrode showed a maximum current value when
compared with the unmodified GCE, which confirmed the
superior detection efficiency (Figure 6A). Interestingly, three
peaks are obtained at potentials 0.09, 0.17, and 0.63 V,
suggesting that some of the CT's present in the GT extract are
detected by the composite. To validate the obtained results of
GT extract, CV analysis with the commercially collected EC
and EGCG samples was performed, shown in Figure S3. These
studies confirm the oxidation values corresponding to EC,
EGCG, and ECG in both GT and the commercial samples,
which is also verified with the literature.'”'> All these three
CTs contribute as the major compounds in this group; so, their
detection is very much important to estimating the quality of
GT. This interaction arises owing to the electrostatic attraction
of metal ions on the composite surface with the OH™ groups of
the detected CTs in GT. All the three CTs have a similar
structure except the change in their primary hydroxyl group
number. The peak currents obtained for the composite in the
presence of GT are 1.631, 2.31, and 3.221 pA. The trimetal
ions, which are distributed equally on the composite surface,
can efficiently interact with the CT's of GT, producing sensitive
and selective results. Similarly, to determine the process
involved, the system is subjected to the same setup as
mentioned above (Section 3.2.1) and results are shown in
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Figure S4A. This also implies that the entire reaction happened
because of the diffusion-controlled process supported by the
linear plots in Figure S4B—D.

3.2.3. Effect of pH. The pH of PBS is very much involved in
determining the CTs and plays a vital role in the sensing
behavior. Figure 6B shows the CVs recorded for different pH
values ranging 4—10 with 100 L of GT extract. The obtained
results clearly depict that except for pH 7, all other pH values
have lower current values. This may be attributed to the
following reasons: (i) In acidic medium, all the obtained H*
ions will electrostatically repel against the metal ions, hindering
their binding affinity with GT. (ii) In basic medium, the larger
quantity of OH™ groups will readily form the same electrostatic
repulsion with GT, thereby reducing their interaction with the
electrolyte, which is the reason for their low performance. But,
in neutral pH, these effects are neutralized and so the effective
binding of GT and CoNiFe-ZIF-MFs composite occurred in
the PBS electrolyte at pH 7. Considering these reasons and the
obtained results, the pH 7 is used for other experiments.

3.2.4. Square Wave Voltammetry Study. To determine the
sensitivity of the electrode toward GT detection, it is subjected
to quantify the GT extract in 10 mL of PBS (pH 7). The
concentration of the GT extract is added from 50 ng to 1 mg
using a standard addition method, and the results are
presented in Figure 7A—D. In Figure 7A, we can observe the
three peaks emerging due to the interaction of CTs in GT with
the composite, exhibiting the sensing of EGCG, EC, and ECG.
A further increase in their concentrations has increased the
peak currents. This is mainly due to the highly porous nature
of the composite, providing a pathway for effective interaction
with the GT. As said earlier, all these three analytes have the
same structure but vary in the number of hydroxyl groups
present in them. So, the necessary interhydrogen bonding
formed may result in the interaction with 2-methylimiadazole
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Figure 8. (A) Stability of the CoNiFe-ZIF-MFs composite for 300 cycles in CV at 50 mV/s. (B) Reproducibility of the composite on four different

GCE electrodes.

or with the polymeric network. This suggests that the usage of
PAN may reduce the crystalline nature of the composite but is
very much useful for interaction with biomolecules, thereby
increasing the performance of the composite. Along with this,
the electrostatic attraction between the Fe** ions in the
composite and the OH groups of the CTs also provided
necessary interaction. By the experimental results under
optimal conditions, the SWV data exhibited a linear increase
in peak currents with the increase in GT concentrations. The
slight peak shift observed for all the three CTs toward the
higher potential side arises as a result of the accumulation of
higher amounts of analytes in high concentrations, which
makes the composite require more binding potential to attach
them. From Figure 6B—D, the linear regression equations I
(uA) and detection limit are obtained as y = 9.0287x X 10™* +
12230 X 107° with 45 ng and R* = 0.960 for EGCG, y =
6.7028x X 107* + 7.2923 X 1077 with 8 ng and R* = 0.958 for
EC, and y = 7.7929x X 107* + 6.5111 X 10~” with 4 ng and R*
= 0.956 for ECG. The sensitivity values are obtained as 23.90,
17. 74, and 20.63 pA-M™' cm™ for all the three CTs. The
results confirm the impressive electrochemical performance of
the proposed CoNiFe-ZIF-MFs-modified electrode with
satisfactory results in detection limit and sensitivity in the
detection of GT extract. As reported earlier, the Fe ions were
more superior to other transition metal ions and they must be
involved in the GT sensing compared with the Co and Ni
ions.”® On the other hand, in the case of fluorescence spectra
studies, Co ions lead from the front showing an emission peak
as they have strong a d—d transition compared to the other
two metal ions. The peak currents increased linearly but
showed some loss of uniformity, which is clearly seen in the
linear plots of all the three CTs, caused by the role of minor
matrix effects. In spite of these, the detection limits,
sensitivities, and a wide linear range obtained for this proposed
biosensor make it an acceptable candidate for further device
fabrications. The literature survey with the existing reports on
CT sensing using a variety of techniques is shown in Table 1.
Here, all the CTs used are commercially purchased and they
exhibited a significant LOD. However, using the raw form of
GT, we have demonstrated the LOD in an excellent manner,
which proposes the efficiency of the composite as an
alternative material for simultaneous detection of GT.

3.2.5. Stability and Reproducibility of CoNiFe-ZIF-MFs.
Bringing a lab to land approach, stability is also a main
parameter to be addressed. To determine this, the CoNiFe-
ZIE-MFs composite is subjected to 300 cycles with 100 uL of
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GT. Surprisingly, the result exhibited consistent peaks,
confirming its stable redox process holding up to 87% of its
initial current in the 300th cycle (Figure 8A). Incorporation of
PAN in the preparation of the ZIF fibrous network strongly
binds the metal ions attached on the surface along with the 2-
methyimidazole matrix, thereby leading to this highly stable
composite. This confirms the cycling stability of the composite,
which is suggested for further real-sample analysis.

The reproducibility of CoNiFe-ZIF-MFs@GCE is exhibited
using CV for four composite-coated GCEs with 100 yL of GT
extract. Here, Figure 8B shows the different electrode
responses, confirming the anti-fouling nature of the proposed
biosensor with 3.8% RSD value. This characteristic feature too
holds evidence for this composite as an efficient material for
device fabrications.

4. CONCLUSIONS

Herein, an attempt has been made to detect the CTs in GT
extract in its raw form using the electrochemical method. To
achieve this, a trimetal ZIF matrix of microfibers is synthesized
successfully by employing a simple wet chemical and
electrospinning method. Primary characterizations confirmed
the material formation, and the basic electrochemical measure-
ments showed the superior conductivity of the CoNiFe-ZIF-
MFs composite. Further, SWV studies proved the composite
sensitivity in simultaneous sensing of all the three CTs in a
linear range of 50 ng to 1mg with detection limits as 45, 8, and
4 ng. From the satisfactory results obtained, the proposed
composite has the ability to detect the CTs in natural GT
extract simultaneously, whereas to the best of our knowledge,
no other works have been done so far using the electro-
chemical method especially. So, compiling all these results and
suggestion, we recommend this CoNiFe-ZIF-MFs biosensor
for miniaturized health care device fabrication.
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